ABSTRACT The relationship between the selection affecting codon usage and selection on protein sequences of orthologous genes in diverse groups of bacteria and archaea was examined by using the Alignable Tight Genome Clusters database of prokaryote genomes. The codon usage bias is generally low, with 57.5% of the gene-specific optimal codon frequencies (F opt ) being below 0.55. This apparent weak selection on codon usage contrasts with the strong purifying selection on amino acid sequences, with 65.8% of the gene-specific dN/dS ratios being below 0.1. For most of the genomes compared, a limited but statistically significant negative correlation between F opt and dN/dS was observed, which is indicative of a link between selection on protein sequence and selection on codon usage. The strength of the coupling between the protein level selection and codon usage bias showed a strong positive correlation with the genomic GC content. Combined with previous observations on the selection for GC-rich codons in bacteria and archaea with GC-rich genomes, these findings suggest that selection for translational fine-tuning could be an important factor in microbial evolution that drives the evolution of genome GC content away from mutational equilibrium. This type of selection is particularly pronounced in slowly evolving, "high-status" genes. A significantly stronger link between the two aspects of selection is observed in free-living bacteria than in parasitic bacteria and in genes encoding metabolic enzymes and transporters than in informational genes. These differences might reflect the special importance of translational fine-tuning for the adaptability of gene expression to environmental changes. The results of this work establish the coupling between protein level selection and selection for translational optimization as a distinct and potentially important factor in microbial evolution.
he amino acid sequences of the great majority of proteins evolve under the pressure of purifying selection that can be measured through the ratio of the rates of nonsynonymous and synonymous substitutions (dN/dS) in protein-coding sequences (1) (2) (3) (4) . The strength of purifying selection shows broad variation between sites within a protein-coding gene, between genes within an evolving genome, and between evolving genomes in different organismal lineages (5) (6) (7) (8) . Generally, purifying selection is strong in organisms with large effective population sizes, such as bacteria, but substantially weaker in organisms with small effective population sizes, such as multicellular eukaryotes (9, 10) . Within a bacterial or archaeal genome, which typically encompasses between 1,000 and 10,000 protein-coding genes, the dN/dS ratio varies within approximately 2 orders of magnitude, from~0.01 tõ 1.00, with the mean and median of the distribution being close to 0.1 (11) (12) (13) . Furthermore, comparative analysis of the dN/dS ratios across a broad range of bacterial and archaeal genomes that were collected in the database of Alignable Tight Genome Clusters (ATGC) (14) has shown that the median dN/dS ratio is stable within each ATGC but differs between ATGC, with the implication that this ratio is a robust, lineage-specific gauge of purifying selection (12) .
The use of dN/dS as a measure of selection on protein sequences is based on the assumption that synonymous substitutions are neutral. This assumption can be a reasonable approximation inasmuch as selection affecting nonsynonymous sites is substantially stronger than that affecting synonymous sites. However, it is well established that synonymous sites in protein-coding sequences actually are subject to selection driven by at least two factors, RNA secondary structure and codon usage (15) (16) (17) (18) . The study of codon usage bias (CUB) is a long-standing direction in molecular evolution. Two fundamentally different but not mutu-ally exclusive types of explanations for the existence of CUB have been explored, namely, mutational (neutral) and selectional origins. The important contribution of neutral mutational processes is suggested by the observations that GC content is the variable that best explains the interspecies differences in codon usage (19, 20) . Moreover, it has been shown that CUB in bacteria could be predicted from the nucleotide composition of intergenic regions (20) . However, there are also multiple strong indications of the important role of selection in the evolution of codon usage. The key early observations, made primarily on classical model organisms, the bacterium Escherichia coli, and the yeast Saccharomyces cerevisiae, are compatible with the selectionist but not the neutral hypothesis: CUB is particularly strong in highly expressed genes, and the usage of a particular codon strongly correlates with the abundance of the cognate tRNAs (21) (22) (23) (24) (25) .
Subsequent research in this area to a large extent concentrated on the nature and strength of the selection that affects CUB (26, 27) . It has been reported that in enterobacteria, CUB is strongly and negatively correlated with the synonymous evolution rate, i.e., genes with strong CUB typically evolve slowly; in contrast, little correlation was detected between CUB and the rate of protein evolution (28, 29) . However, a more recent analysis of a range of model organisms, including E. coli and several eukaryotes, has revealed roughly the same strength of inverse correlation between CUB and dN compared to dS (30) . Hartl and colleagues applied population genetic theory to estimate the selection coefficient on synonymous codon positions in enterobacteria and arrived at values on the order of 10 Ϫ9 , indicative of weak selection that, however, could be consequential in large bacterial populations (31) .
Two major factors underlying selection for CUB have been considered, namely, accuracy and rate of translation. The importance of translation accuracy was first suggested by experimental data indicating that codon choice strongly affected the rate of amino acid misincorporation during translation (32) (33) (34) . Subsequently, it has been demonstrated that evolutionarily conserved amino acid sites showed a significantly stronger CUB than variable sites, as one would expect if selection acted to minimize the effect of amino acid misincorporation (35, 36) . However, there are also substantial indications that selection for an increased rate or, more precisely, efficiency of translation contributes to the evolution of CUB. Indeed, optimal codons appear to be translated faster than suboptimal ones (37) . Although this difference might not substantially affect the actual rate of protein production, which appears to be determined primarily by the rate of translation initiation (38) , acceleration of elongation increases the supply of free ribosomes, a growth rate-limiting parameter in bacteria (26, 39) . Indeed, a strong inverse correlation between codon bias and bacterial generation time has been detected, suggesting that the use of optimal codons is essential for fast growth (40) (41) (42) . tRNA modifications also enhance translation speed and/or accuracy in different codon groups (43) . A recent analysis of the codon usage of yeast took advantage of ribosome profiling data to show that optimal codons were actually not translated faster than suboptimal codons in vivo (44) . Instead, it has been shown that, under conditions of tRNA shortage, the primary determinant of translation efficiency was the usage of codons proportional to the abundance of the cognate tRNAs (44) . Analysis of codon usage in diverse bacteria by a recently developed statistical method yielded indications that selection for translation efficiency made a substantially greater contribution to the evolution of CUB than selection for translation accuracy (45) .
The regulatory effects of CUB on cellular processes are likely to be multifaceted and remain only partially explored. For example, a recent study of the expression of bacterial operons that encode protein complexes with uneven subunit stoichiometry has shown that CUB is a key factor that provides for higher expression of the more abundant subunits (46) .
Overall, the current view of CUB evolution centers around the selection-mutation-drift model, according to which there is (relatively) weak selection for preferred (major or optimal) codons but nonpreferred codons persist owing to mutational bias and genetic drift (26, (47) (48) (49) . The strength of selection on CUB appears to vary broadly both across genes and across species, and translation accuracy and translation efficiency are both subject to selection, although the relative contributions of these two factors remain a matter of debate.
We were interested in exploring the connection between selection on CUB and selection on protein sequences. Generally, one would expect that the selective pressures at the two levels are coupled, given that high-expression genes, on the one hand, show a greater CUB than low-expression genes (21) (22) (23) (24) (25) and, on the other hand, on average evolve slowly (50) (51) (52) (53) .
However, previous studies have not resulted in certainty with regard to the existence and strength of this coupling, largely because CUB (measured as the fraction of optimal codons, F opt ) has been shown to depend similarly on dS and dN, with both dependencies thought to be uniformly gauged by the effective population size of an organism (30) .
We performed a broad survey of the correlations between dN/dS and F opt in bacteria and archaea, taking advantage of the database of ATGC, which encompasses groups of closely related genomes across the diversity of bacteria and archaea (14) . We find that there is a nearly universal inverse correlation between these two variables; i.e., the two levels of selection are coupled. The strength of this coupling depends on the genomic GC content, suggesting that fine-tuning of translation efficiency and fidelity, especially in highly expressed genes, is an important factor in the evolution of the GC content of microbial genomes away from mutational equilibrium.
RESULTS
Universal coupling between selection on codon usage and selection on amino acid sequences and its dependence on genomic GC content. We first calculated the F opt value and the dN/dS ratio of each pair of orthologous genes in a randomly selected pair of genomes from each ATGC (or the only pair for the ATGC consisting of two genomes; see Materials and Methods for details). The CUB was found to be relatively low, with F opt being below 0.55 for 57.5% of the genes (Fig. 1 ). This relatively weak selection on codon usage contrasts with the typically strong purifying selection on amino acid sequences, with 65.8% of the dN/dS ratios being below 0.10 ( Fig. 1) .
For the substantial majority of the 120 ATGC analyzed, a statistically significant negative correlation between the gene-specific F opt value and the dN/dS ratio was detected (Fig. 1) . As shown previously, the genome-wide median dN/dS ratio is a stable characteristic of an ATGC (12) . Therefore, we used the median dN/dS ratios and F opt values of all of the genes in each ATGC (that is, of a random pair of genomes in the case of a large ATGC) as ATGC
FIG 1
Quantitative characteristics of genome evolution of the 120 ATGC analyzed. R is the Spearman rank coefficient of correlation between F opt and dN/dS in an ATGC. Column P includes the P values of R for each ATGC. F opt is the median F opt in an ATGC. dN/dS is the median dN/dS ratio in an ATGC. GS is the genome size of sample species. GC% is the GC content of sample species. deltaGC stands for ⌬GC (see Results). The color code is explained at the bottom.
properties; for the sake of simplicity, here we use dN/dS and F opt to denote these median values. The dN/dS and F opt values of the 120 ATGC showed a limited but statistically significant negative correlation ( Fig. 2 ; Spearman's ϭ Ϫ0.251, P ϭ 0.0058 [Spearman test]; here we denote this correlation coefficient R). Thus, the generally expected coupling between selection at the level of protein sequences and selection at the level of codon usage indeed seems to exist across a broad range of bacterial and archaeal genomes.
Having established the existence of the coupling between the two levels of selection, we sought to identify its possible underlying causes. Given that codon usage depends strongly on genomic GC content, which itself is strongly positively correlated with genome size (GS) (54) (Fig. 3 , Spearman's ϭ 0.661, P Ͻ 2.2e-16), we turned to principal-component analysis (PCA) with five variables, dN/dS, F opt , R, GS, and GC content (GC%). The first principal component explained more than half of the variation in the data, with the main contributions, with opposite signs, coming from GC content and R (Fig. 4) . However, GS also makes a sub-
stantial contribution to principal component 1, conceivably because of the strong correlation between GC content and GS (Fig. 3 ). Principal component 2, which explains 22.5% of the data variance, reflects primarily the opposite contributions of Fopt and dN/dS, in agreement with the observed negative correlation ( Fig. 2  and 3 ). Pairwise correlation analysis showed that by far the strongest correlation exists between GC content and R (Fig. 5a) , followed by the correlation between GS and R (Fig. 5b) . Notably, the median dN/dS showed a relatively weak, albeit significant, negative correlation with GC content and GS ( Fig. 5c and d) , whereas there was no significant correlation between F opt and either of these genomic characteristics ( Fig. 5e and f) . The peculiar, U-shaped dependence of F opt on GC content most likely reflects the paucity of codon choices in extremely AT-rich and extremely GC-rich genomes, resulting in an inflation of F opt values that does not reflect selective processes. Thus, the strong dependence of R on GC content appears to be a distinct phenomenon, with the implication that coupling between selection on protein sequence and selection on codon usage is a selectable trait in itself.
To further explore the potential biological underpinning of the strong connection between R and genomic GC content, we used the parameter ⌬GC, which was defined as the difference in GC content between optimal and nonoptimal codons as follows:
Here the sum is taken over 18 amino acids with more than one codon for all of the orthologous gene pairs in a given ATGC; f opt i and f nonopt l are the frequencies of the optimal and nonoptimal codons of amino acid i, respectively; GC opt i and GC nonopt l are, respectively, the GC contents of the optimal and nonoptimal codons of amino acid i; f nonopt l ϫ GC nonopt l is the mean of all nonoptimal codes for amino acid i This parameter was designed to reflect the strength of selection for increased GC content in the optimal codon that could underlie the strong correlation between R and GC content. When the ⌬GC values were plotted against the GC content for the 120 ATGC, a peculiar, nonmonotonic dependence was observed (Fig. 6 ). Whereas for low-GC genomes, ⌬GC slightly decreased with the GC content, upward of~45% GC, a steady increase in ⌬GC was observed (Fig. 6) . The small effect at a low GC content is likely to be purely statistical, caused by the strong bias toward AT. In contrast, at a high GC content, there seems to be strong selection for increased GC content of the optimal codons. Thus, the selection on codon bias indeed appears to be particularly pronounced in bacteria and archaea with GC-rich genomes.
Dependence of coupling between the two levels of selection on lifestyle, biological function, and taxonomy of prokaryotes. We further investigated possible connections of the coupling between the selection on amino acid sequences and on codon usage with various biological features of prokaryotes, including optimal growth temperature, cell shape, sporulation capacity, motility, and oxygen requirement. None of these biological properties showed a significant link with R (data not shown). It appeared particularly plausible that the coupling between the two levels of selection would be linked to the optimal growth rate (time between cell divisions under optimal growth conditions) of a mi- crobe (55) . Again, however, no connection between this parameter and R was found to exist (Fig. 7) .
In contrast, the partitioning of Proteobacteria (the most extensively sequenced bacterial phylum) into pathogens and nonpathogens revealed a significantly stronger coupling among nonpathogens (Fig. 8) . No such connection of dN/dS or F opt values was detected. In contrast, a significant difference between pathogenic and non-pathogenic bacteria was observed also with respect to GC content, with a higher GC content in nonparasites (Fig. 8) . These observations are compatible with the conclusion that (i) coupling of the selective processes at the protein and codon levels and (ii) GC content are subject to the same or related selective pressures.
We further explored the coupling in different functional classes of genes by using the coarse-grain classification implemented in the Clusters of Orthologous Groups (COG) system (56, 57) . Although the differences between functional classes of genes were small in magnitude, genes that encode proteins related to metabolic activities (enzymes and transporters) consistently showed stronger coupling than informational genes encoding components of the translation, transcription, and replication systems (Fig. 9a) . The difference was found to be statistically significant when the metabolic genes were pooled and collectively compared to informational genes (Fig. 9b) .
Finally, we compared the strengths of the coupling between different bacterial and archaeal phyla (Fig. 10 ). Significant differences were detected, with Actinobacteria showing particularly strong coupling, in contrast to the weak coupling in Cyanobacteria and Firmicutes. Among the two most extensively sequenced phyla, Proteobacteria showed significantly stronger coupling than Firmicutes.
DISCUSSION
The results of the present analysis demonstrate the coupling between selection forces that affect protein sequences and codon usage. This relationship could be readily anticipated from previous observations on the relationships between gene expression level and protein sequence conservation on the one hand and CUB on the other (30) . The coupling between selection on protein sequence and selection on codon usage can be interpreted as a finetuning of translation via CUB that depends on the "status" of a gene in an organism. "High-status" genes that are highly expressed tend to occupy central positions in various biological networks and typically evolve slowly (65) , the selection for translational fine-tuning apparently is measurably stronger than it is in lower-status genes, resulting in the observed negative correlations between dN/dS and F opt . The main, nontrivial observation in this work is that the strength of the coupling between the two levels of selection is effectively determined by the genomic GC content. It has been shown that mutational processes in all organisms are biased toward AT accumulation, so by inference, high GC content results from selection (58) . The nature of this selection is not fully understood, but apparently, CUB is an important optimization criterion, as demonstrated by the finding that in bacteria, CUB tracks the nucleotide composition of the intergenic regions and in particular, that in sufficiently GC-rich genomes, the optimal codons typically contain G or C in synonymous positions. Moreover, the bias toward GC-rich codons is the strongest in highly expressed genes, such as those encoding translation system components (59) . A subsequent, updated analysis indicates that the GC content in synonymous positions of codons tends to be higher than that in intergenic regions and that GC enrichment in synonymous positions without changing protein sequences results in increased fitness of bacteria expressing the respective genes (60) . The results of the present study add an extra dimension to these observations by showing that the dependence of the translational fine-tuning on gene status is strongly correlated with the genomic GC content. In other words, in GC-rich genomes, the difference between the levels of translational fine-tuning in high-and low-status genes is Table S1 in the supplemental material). The R values and GC contents of pathogens differ significantly from those of nonpathogens.
greater than it is in AT-rich genomes, resulting in the observed strong correlation between strength of coupling and GC content. This conclusion is clearly supported by the dependence of ⌬GC on the genomic GC content (Fig. 6) .
Although historically it is customary to speak of GC content determining other features of genomes, the causality could be reversed, with the selection for G and C at synonymous sites, which is particularly strong in high-status genes, driving the evolution toward high GC content (60) . Furthermore, the overall optimization of the translational landscape of a microbial genome might enable the accumulation of genes via horizontal gene transfer and duplication, resulting in the strong positive correlation between GC content and GS (54) (Fig. 3) .
In addition to demonstrating the coupling between protein level selection and CUB and its dependence on GC content, we observed that the strength of this coupling differs for parasites versus nonparasites and for genes encoding metabolic proteins versus those encoding informational proteins. Although subtle, these differences were found to be significant and did not appear to be by-products of the GC content connection. One might hypothesize that translational fine-tuning shows a stronger dependence on gene status in organisms and genes that are involved in frequent adaptation to changing environments and that this finetuning is particularly important in genes directly involved in such adaptation. Furthermore, some of the prokaryotic phyla significantly differ in the strength of coupling, which is suggestive of additional links with lifestyle and physiology. The overall outcome of this analysis identifies the coupling between selection processes that act at the level of proteins and at the level of codon usage as a distinct characteristic of prokaryotic genome evolution. The strength of this coupling is tightly linked to genomic GC content and could be an important determinant of the nucleotide composition of genomes, the evolution of which remains poorly understood. The biological factors behind the wide range of the strengths of coupling between the two levels of selection, from very strong negative correlation in many groups of microbes to a positive correlation in a few groups ( Fig. 1 and 2) , remain unclear. Explaining the nature of this variance and connecting it to specifics of microbial biology is a challenge for further research. Given the stronger coupling observed for operational genes than for informational genes (Fig. 9 ), it appears plausible that fine-tuning of CUB is subject to stronger selection in microbes whose lifestyle includes adaptation to changing environments that requires rapid protein dosage adjustment via translational regulation.
MATERIALS AND METHODS
The ATGC database and genome sequences. The ATGC database was built in 2009 and included 446 prokaryotic genomes and 104 ATGC (14) . We updated the data set to include 1,390 genomes and 120 ATGC; Firmicutes and Proteobacteria account for 63.3% of the genomes (880/1,390) because of the relative paucity of sequenced genomes from other phyla. All of the pairs of orthologous genes in this database are syntenysupported bidirectional best hits (12, 14, 61) . Altogether, 2,817,540 orthologous gene pairs were analyzed.
Selection of genome pairs for analysis. Suppose there are m species in an ATGC with the same gene number, n, which is the simplest case. The number of orthologous gene pairs is then n ϫ {m!/[2!(m Ϫ 2)!]}. Obviously, the number of orthologous gene pairs rapidly increases with the number of species in an ATGC. If all of the orthologous gene pairs from all ATGC were taken into account in this analysis, the results would have been strongly biased toward large ATGC. Thus, we randomly chose a pair of species from each ATGC containing more than two species and used the orthologous gene pairs from these two species as a representative sample of the given ATGC.
Calculation of parameters. For each orthologous gene pair in an ATGC, protein sequences were aligned with MUSCLE (62) , and the protein alignment was used to generate the alignment of the respective nucleotide sequences extracted from the genomic sequences by using a custom script. Maximum-likelihood approximation (codeML) was used to calculate dS and dN (63) . In order to eliminate those orthologous gene pairs for which the estimates of the parameters was deemed unreliable either because of the small number of substitutions or conversely because of extreme divergence, the gene pairs with a dN value of Ͻ0.0002, a dS value of Ͻ0.0002, a dS value of Ͼ3, or a dN/dS ratio of Ͼ3 were discarded. The orthologous gene pairs in which the lengths of the two genes differed by more than 20% (presumably because of gene misannotation) were discarded as well. F opt is a widely used measure of CUB (64) . The F opt values of genes in an orthologous gene pair are very close in most cases (data not shown). Thus, the mean F opt value of two orthologous genes was taken as the F opt value for that gene pair.
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